Introduction
============

At present, cancer threatening human health and life is a major public problem and the lung caner is the most prevalent malignant tumor. According to histological classification, lung cancer was divided into non-small cell lung cancer (NSCLC) and SCLC. The former captures more than 80% and the survival rate is very low due to resistance of adjuvant chemotherapy ([@b1-ol-0-0-6565]). For many years, medical staffs have been strived their best to find more effective and low cytotoxcity chemotheraputics, especially the natural drugs.

Nature is rich, having provided us with a large number of compounds derived from plants with tumor treatment efficacy caused the attention of the world, because of their availability and relatively low toxicity compared with chemotherapy. Curcumin (diferuloylmethane)-(1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-hepadiene-3,5-dione), a kind of liposoluble polyphenol pigment extracted from rhizome of curcuma, which has a long history as a dietary supplement is konwn with a variety of biological activity such as anti-inflammatory, anticoagulant, hypolipidemic, antioxidant, free radical scavenging, anti-atherosclerosis, etc. It is the main efficacy components of Chinese medicine turmeric playing a pharmacological effect ([@b2-ol-0-0-6565]). Recently, clinical trials have shown that curcumin is safe and well tolerated in humans ([@b3-ol-0-0-6565]). In addition, *in vitro*, curcumin suppresses the growth of multiple cancer lines, especially in lung cancer ([@b4-ol-0-0-6565]--[@b6-ol-0-0-6565]). These findings highly indicating its potential clinic application speculation in cancer control.

Curcumin has been suggested to induce cell cycle arrest and activate apoptosis-mediated cell death in several cancer cells, including lung cancer ([@b7-ol-0-0-6565]--[@b9-ol-0-0-6565]). Although it is strongly believed that apoptosis is the main toxic mechanism of curcumin in tumor cells, it is not completely known whether autophagy is induced in curcumin-caused cancer cell death. Simultaneously, in recent years, the fact that curcumin can upregulate autophagy to achieve its antitumor function arouse strong interest.

As one of the three types of programmed cell death (PCD), autophagy, a catabolic process for the degradation and recycling of macromolecules and organelles which can be activated during stress conditions was identified as an important point at the tumor control procedure. It can be divided into macrophages, micro-autophagy and molecular chaperone mediated autophagy. It was found that curcumin induced autophagy by downregulating Akt/mTOR and activating ERK1/2 pathway, and this effect was also mediated by AMPK and related to the extensive degradation of P53 ([@b10-ol-0-0-6565]--[@b13-ol-0-0-6565]). Autophagy is closely related to tumorigenesis affecting the proliferation, migration, invasion and metastasis of tumor cells. In recent years, an increasing number of research evidence that autophagy may play a dual role in tumors ([@b14-ol-0-0-6565]). On the one hand, autophagic degradation of amino acids, nucleotides and free fatty acids promote cell survival. On the other hand, it is also an important mechanism of tumor cell death. Autophagy has a dual role in cancer cells, including curcumin-induced autophagy of tumor cells, likely this could be a survival or cell death mechanism. Although the dual role of autophagy has not yet reached a consensus, the role in tumor development and treatment can\'t be ignored. So, exploring the role of autophagy in tumorigenesis and development and the mechanism may be able to reveal a new chapter in antitumor experience.

In order to investigate the curcumin induced autophagy anticancer effects and the possible mechanism, a variety of methods were used to observe the cytomorphology alteration, viability, curcumin-induced autophagy and autophagy-specific inhibition in A549 cell line. We prospect the results providing a baseline information for better understanding the curcumin induced anticancer mechanism.

Materials and methods
=====================

### Materials

The A549 human lung adenocarcinoma cell line were obtained from the First Affiliated Hospital of Xi\'an Jiaotong University (Xi\'an, China) as a gift.

Curcumin was obtained from Sigma (St. Louis, MO, USA) and dissolved into dimethyl sulphoxide (DMSO) stock solution, kept in the dark, waiting to be used. RPMI-1640 (HyClone, Logan, UT, USA). The MTT, DMSO, 3-methyladenine (3-MA), acridine orange (AO) solution and monodansylcadaverine (MDC) are all obtained from Sigma. Fetal bovine serum (FBS; Biological Industries, Kibbutz Beit-Haemek, Israel). Penicillin-streptomycin (North China Pharmaceutical Group Corp., Shijiazhuang, China). Anti-quencher reagent (Hurt Biotechnology companies, Xi\'an, China). The other commonly used reagents are domestic analytical reagents. 3-MA dissolved in PBS was added to the medium to final concentrations as described in each experiment. DMSO is a control for the entire study at a final concentration of \<0.1%. Cells were pretreated with 3-MA of 2.5 mM for 3 h and then incubated with curcumin for scheduled time of experiment.

### Methods

#### Cell culture

A549 cells maintained at 37°C, 5% CO~2~ and saturated humidity in RPMI-1640 culture medium supplemented with 10% FBS and 1% penicillin-streptomycin. Changing the liquid every day, and cells were passaged once every 2 to 3 days, taking the logarithmic growth phase of the A549 cells for following tests.

#### Morphological observation

4×104/ml suspension of A549 cells were seeded in 24-well plates at 1 ml per well cultured overnight until the cells adhered to the wall. The cells were exposed to curcumin (40 µM), and the same volume of the consumption of DMSO for solubling curcumin was considered a control group. After cultured for 24, 48, 72 and 96 h, A549 cell morphological changes were observed and photographed under inverted phase contrast microscope (Nikon Eclipse Ti; Nikon Corporation, Tokyo, Japan).

#### MTT cell viability assay

Collecting the logarithmic growth phase A549 cells seeded at 2×104 cells per well in 96-well culture plates and at least 3 wells were replated in each group. Each 96-well plate was set up with control (cells-only) and zero-adjustment (medium only). The following day, the medium was changed to RPMI-1640 supplemented with 10% fetal bovine serum containing different concentrations of curcumin or DMSO alone (control group). At 24, 48, 72 and 96 h later, the medium was removed and the A549 cells were incubated with 20 µl MTT (5 mg/ml) at 37°C for 4 h. Carefully aspirating the liquid, adding 150 µl DMSO per well. Shaking 5 min and the absorbance of each well was measured with the microplate reader at 570 nm. Cell viability (%)=(experimental group OD-zero adjustment group OD)/(control group OD-zero adjustment group OD) × 100%. Cell inhibitory ratio (%)=1-cell viability (%).

#### AO staining

During authophagy, autophagosomes fuse with lysosomes to form autophago-lysosomes which could be dyed by AO. Collecting the logarithmic growth phase A549 cells seeded at 3×104 cells per well in 24-well culture plates. Exposed to different concentrations of curcumin after 48 h, cells were stained with 10 µg/ml AO for 15 min. Following treatment, washed twice with PBS, adding 30 µl anti-quencher per well and immediately observed under an inverted fluorescence microscope (Nikon Eclipse Ti; Nikon Corporation). The experiment was repeated three times.

#### Monodansylcadaverine (MDC) labeling

Usually, mature autophagic vacuoles which accumulate in the autophagy are detected by MDC. The same as the AO staining experiment, A549 cells were seeded into 24-well culture plates and treated with 0 (DMSO), 10, 20 and 40 µM curcumin, 3-MA, 3-MA+curcumin (40 µM), respectively. At 48 h latter, the cells were incubated with fresh medium containing MDC (50 µM) for 15 min at 37°C and 5% CO~2~. The anti-quencher was added after washing twice with PBS and taking pictures with UV excitation by an inverted fluorescence microscope (Nikon Eclipse Ti; Nikon Corporation) quickly. The experiment was repeated three times.

#### Transmission electron microscopy (TEM)

A549 cells treated with 20 µM curcumin for 48 h were rinsed with PBS twice. Firstly, the cells were fixed with 2.5% glutaraldehyde at 4°C for 2 h and washed with 0.1 M phosphate buffer for 30 min or more. Then post-fixed in 0.1 M sodium phosphate buffer containing 1% osmium tetroxide for 2 h at 4°C. After a series of ethanol dehydration, embedding, polymerization, slicing and dyeing were carried out. Finally, the thin sections of 50--70 nm stained for 15 min with uranyl acetate and citric acid, respectively. Images were obtained by electron microscopy (JEM-1200EX; JEOL, Tokyo, Japan).

#### Statistical analysis

Each experiment was conducted at least three times. SPSS 18.0 statistical software (SPSS, Inc., Chicago, IL, USA) was used for data analysis. For the measurement data expressed as mean ± SEM, with a minimum of three separate experiments for each issue addressed. Data were analyzed by one-way ANOVA or factorization variance and comparisons between groups were done using the Dunnett\'s or LSD t-test. P\<0.05 was considered to indicate a statistically significant difference; and P\<0.01 was considered to indicate a highly significant difference.

Results
=======

### Cell morphology

The inverted microscope was used to exam A549 cells morphology alteration. As expected, normal lung adenocarcinoma A549 cells showed a long fusiform shape, small size, clear cell boundaries, well-adherent pebble-like growth, placental cytoplasm and less cytoplasmic granules ([Fig. 1A](#f1-ol-0-0-6565){ref-type="fig"}). Cells were treated with 40 µM curcumin, and pictures were taken at indicated times (24, 48, 72 and 96 h). The results showed that curcumin could inhibit growth of A549 cells. Curcumin made A549 cells rounding and normal spindle shape disappeared, compared with the corresponding time point of control group ([Fig. 1B-Ctr](#f1-ol-0-0-6565){ref-type="fig"}), bright-circular dead cells floating increased ([Fig. 1B-Cur](#f1-ol-0-0-6565){ref-type="fig"}).

### Curcumin affected the A549 cell viability

Succinate dehydrogenase (SDH) in living cells can reduce the exogenous MTT to insoluble formazan, a blue-violet crystalline, and dead cells without this function. The formazan in a cell can be dissolved in DMSO. Using a microplate reader to measure the absorbance at 570 nm (OD value) can indirectly reflect the number of living cells. Indirectly, absorbance at 570 nm (OD value) which reflects the number of living cells, can be measured by microplate reader (Infinire M200; Tecan, Männedorf, Switzerland). The larger the OD value, the more live cells, the stronger of activity.

To assess the effects of curcumin on the cell viability of A549 cells, the cells were treated with curcumin at different concentrations (0, 5, 10, 20 and 40 µM) for different time periods (24, 48, 72 and 96 h) and then followed by MTT assays. It has been observed that the growth inhibition of curcumin on A549 cells was manifested in a concentration-and time-dependent manner ([Fig. 2](#f2-ol-0-0-6565){ref-type="fig"}). In addition, we found that the cell viability could be significantly reduced with an incubation period of 48 h at 20 and 40 µM. Therefore, the 48 h time point was used for further studies. Treatment time of curcumin was analyzed by single-effect analysis. As shown in [Table I](#tI-ol-0-0-6565){ref-type="table"}, the cell inhibitory rates were all significantly different (P\<0.01) in the 5, 10, 20 and 40 µM groups (F=93.243; 39.36; 261.59 and 315.11, respectively) with different time intervention. Similarly, there were statistical significance (P\<0.01) in 24, 48, 72 and 96 h groups (F=14.81; 62.92; 462.78 and 109.26, respectively) when the curcumin concentrations were analyzed by single-effect analysis of the cell inhibitory rates. In short, the results of a single-effect analysis of the time and concentration of curcumin treatments were both statistically significant in cell inhibition, P\<0.01. Also, there was an interaction between time and concentration of curcumin treatments, P\<0.01, both contributing to the inhibition of proliferation of A549 cells.

### Curcumin triggered autophagy in A549 cells

To investigate whether curcumin triggers autophagy in A549 cells, the morphological changes after curcumin treatment were checked by AO, MDC staining and the TEM.

First, monitored the formation of autophagic vesicles (AVs) by AO staining. Autophagosomes fuse with lysosomes forming antophagolysosomes as acidic vesicular organelles (AVOs) can bind AO in the process of cells autophagy ([@b15-ol-0-0-6565]). AO can stain nuclear and cytoplasm with bright green and make AVOs with bright red. Formating and promoting the AVOs is one of the characters of autophagy ([@b16-ol-0-0-6565]). The fluorescence microscope was used to measure the changes of AVOs which could be investigated by the appearance of red fluorescence. Our research showed that AVOs could be detected in curcumin-treated A549 cells by AO staining analysis, which suggested that curcumin may induce A549 cells autophagy. In addition, we found that curcumin administration increased the proportion of red-stained AVOs at 48 h in a dose-dependent manner in the A549 cells by fluorescence microscopy ([Fig. 3A](#f3-ol-0-0-6565){ref-type="fig"}). Also, the percentage of curcumin-treated cells with AVOs was counted in the images, which existed increasing in a concentration-dependent manner at 48 h ([Fig. 3B](#f3-ol-0-0-6565){ref-type="fig"}). In addition, the pretreatment with 3-MA for 3 h attenuated curcumin-induced autophagy in A549 cells according to the impaired red fluorescence ([Fig. 3C](#f3-ol-0-0-6565){ref-type="fig"}) which corresponded to the percentage of AVOs in curcumin-treated cells ([Fig. 3D](#f3-ol-0-0-6565){ref-type="fig"}).

To confirm autophagy induction by curcumin, MDC staining was performed. The activation of autophagy was inferred from changes in fluorescent particles (AVs) infected with MDC. As shown in [Fig. 4](#f4-ol-0-0-6565){ref-type="fig"}, compared with curcumin-untreated control, curcumin-treated A549 cells resulted in an increase of fluorescence intensity and density at 48 h indicating extensive MDC-positive autophagic vacuoles. We found that curcumin administration increased the proportion of MDC-infected AVs at 48 h in a dose-dependent manner. Moreover, exposed to 40 µM curcumin after the pretreatment with 3-MA for 3 h, MDC fluorescence particles were significantly reduced in A549 cells. As expected that the fluorescence intensity of the 3-MA alone treatment group was the lowest. It was further demonstrated that curcumin treatment induced autophagy which was inhibited by 3-MA in A549 cells.

TEM of autophagosomes is the most direct way to examine autophagy, which is a classical method to check autophagy activation. Furthermore, the number of autophagic vacuoles presenting in A549 cells were investigated using TEM analysis. Images ([Fig. 5-Ctr](#f5-ol-0-0-6565){ref-type="fig"}) showed normal cytoplasm, organelles and nucleus morphology of control group, at 48 h in the cytoplasm. However, curcumin administration (20 µM) induced the formation of multiple vacuole-like and double-membrane-enclosed structures were considered to be autophagosomes as shown by the black arrows in the images ([Fig. 5-Cur](#f5-ol-0-0-6565){ref-type="fig"}).

All the results above have provided real evidence for curcumin-induced autophagy of A549 cells.

### Autophagy inhibitor promoted the curcumin-treated A549 cells survival

As above, curcumin could induced autophagy ([Figs. 3A and B](#f3-ol-0-0-6565){ref-type="fig"}, and [4](#f4-ol-0-0-6565){ref-type="fig"}) and significant differences by AO staining and MDC labeling analysis of treated A549 cells in the presence of 3-MA at 48 h implied autophagy did work at that time ([Figs. 3C and D](#f3-ol-0-0-6565){ref-type="fig"}, and [4](#f4-ol-0-0-6565){ref-type="fig"}). What is the role of autophagy induced by curcumin in inhibiting A549 cell growth? We pretreated the cells with 3-MA for 3 h to block autophagy following MTT method to detect the proliferation of cells. As shown in [Fig 6](#f6-ol-0-0-6565){ref-type="fig"}, the treatment of A549 cells with 2.5 mM 3-MA for 48 h did not affect cell viability. When 3-MA was pre-added (3 h) into the curcumin-treated (10, 20 and 40 µM) A549 cells at 48 h, the cell survival rates both increased significantly at each treatment concentrations of curcumin. These results suggested that autophagy was induced in A549 cells by curcumin treatment, which was at least in part responsible for the reduction in cell viability.

Discussion
==========

Curcumin having a broad application prospects is considered to be a safe and effective antitumor drug. However the mechanism of antitumor of curcumin is still not fully elucidated. In this study, the human lung adenocarcinoma A549 cell line were selected as experimental cells. We aim to examine the anti-proliferation mechanism of curcumin in A549 cells, especially to confirm autophagy induced by curcumin. Morphologically, curcumin (40 µM) administration caused the cells to lose their normal long shuttle shape and resulted in the increase of floating suspected dead cells, which appeared to be time dependent ([Fig. 1](#f1-ol-0-0-6565){ref-type="fig"}). Curcumin could significantly inhibit the proliferation of human lung adenocarcinoma A549 cells at the concentration and time range we selected ([Fig. 2](#f2-ol-0-0-6565){ref-type="fig"}). Previous studies have shown that curcumin suppressed the growth of multiple cancer lines. Here, evidence has been obtained that curcumin, even at very low concentrations, could effectively inhibit the proliferation of lung cancer A549 cells, but the specific mechanism need to be further explored.

More than 3,000 plant species have been reported to treat cancer and inducing apoptotic cell death is plant-derived anticancer drugs mainly mechanism ([@b17-ol-0-0-6565]). Many natural plant compounds have a shared molecular mechanism for the autophagy function of anti-aging, anticancer and other diseases. Not surprisingly, apoptosis has been recognized as the major toxic mechanism of curcumin in tumor cells ([@b8-ol-0-0-6565],[@b18-ol-0-0-6565],[@b19-ol-0-0-6565]). Autophagy may play an important role in tumorigenesis and development, and becomes a new hotspot in tumor research. Abnormal autophagy exists in tumor cells in which autophagic death can play an antitumor effect, which provides a new clue for the treatment of antitumor. Recent studies have shown that autophagy can be activated in tumor cells under the action of some natural botanical ingredients ([@b20-ol-0-0-6565],[@b21-ol-0-0-6565]). These findings highly suggested the importance to further elucidate the relationship between the potential autophagy state and curcumin induced anticancer effect.

Therefore, a variety of methods have been used to verify the relevance of curcumin and autophagy in human lung adenocarcinoma A549 cells here. To elucidate the A549 cell death pathway induced by curcumin, AO staining and MDC labeling analysises were done to detect the AVOs which suggested a concentration-dependent increase of the fluorescent structures for 48 h ([Figs. 3A](#f3-ol-0-0-6565){ref-type="fig"} and [4](#f4-ol-0-0-6565){ref-type="fig"}). To be more intuitive, the percentage of curcumin-treated cells with AVOs were counted in the pictures, which was consistent with the above results ([Fig. 3B](#f3-ol-0-0-6565){ref-type="fig"}). To further confirm the autophagy induced by curcumin in A549, we performed the gold standard for autophagy detection-TEM showing an accumulation of double-membrane-enclosed autophagosome in A549 cells after exposure to 20 µM of curcumin for 48 h, whereas no autophagosome was observed in untreated cells ([Fig. 5](#f5-ol-0-0-6565){ref-type="fig"}). These results collectively indicated that autophagy was induced by curcumin administration in A549 cells in a dose-dependent manner within a certain range. Compared to previous studies ([@b13-ol-0-0-6565]), we have consistently reached a conclusion that curcumin induced the formation of autophagosome in tumor cells. It is worth mentioning that curcumin could induce autophagy in A549 cells demonstrated in this experiment enriching and contributing to the clinical treatment of lung cancer.

However, retrieving the present studies, it seems still difficult to draw a positive convinciable conclusion that curcumin induced autophagy did exert its anticancer effect on tumor control. On the one hand, nucleotides and free fatty acids promote cell survival ([@b22-ol-0-0-6565]). On the other hand, autophagy may be capable of ultimately killing cells when allowed to reach its limit ([@b21-ol-0-0-6565]). Although the dual role of autophagy has not yet reached a consensus, the role in tumor development and treatment can\'t be ignored. So, what is the role of autophagy in the antitumor effect of curcumin on the proliferation of lung adenocarcinoma A549 cell? This is the focus of our research.

3-MA, used as a typical autophagy inhibitor, interferences the initiation of autophagy by acting on Class III PI3K. The effect of 3-MA on the viability of A549 cells has been examined by MTT assay during the experiment. We found that treatment of A549 cells with 0 and 2.5 mM 3-MA for 48 h did not affect cell viability, while treatment with 5 and 10 mM 3-MA caused different degrees of reduction in viability (data not shown). Verifiably, 2.5 mM 3-MA blocked autophagosome formation in cells treated with curcumin according to the results that AVOs stained bright red and MDC fluorescence could be abrogated by pre-treating cells with 3-MA ([Figs. 3C and D](#f3-ol-0-0-6565){ref-type="fig"}, and [4](#f4-ol-0-0-6565){ref-type="fig"}). Come together, we selected 2.5 mM of 3-MA, a safe concentration with a significant autophagic inhibitory effect on A549 cells, which excluding the possible interference effect of 3-MA on A549 cell viability ([Fig. 6](#f6-ol-0-0-6565){ref-type="fig"}). What\'s more, the inhibitory effect of curcumin on A549 cells was attenuated which can be drawn from the significantly increased cell survival rates at each treatment concentrations when pretreated with 3-MA at 2.5 mM ([Fig. 6](#f6-ol-0-0-6565){ref-type="fig"}) suggesting that autophagy did take part in the process of curcumin-induced cell death. In the limited exposure time periods and concentration range of curcumin, we support the views of most scholars ([@b23-ol-0-0-6565]--[@b25-ol-0-0-6565]) that autophagy is the antitumor mechanism of curcumin rather than a protective mechanism of the A549 cells itself which reminded that the combination of the autophagy inhibitor with curcumin in antitumor therapy requires caution.

Whether inhibition of autophagy has an effect on cell apoptosis, we do not know. Recent studies have pointed towards a closely interplay between autophagy and apoptosis involved in the process of cell death ([@b26-ol-0-0-6565]--[@b28-ol-0-0-6565]). So, we apt to think that apoptosis and autophagy share some common signaling pathways and are mutually regulated. For our results, a large number of autophagic vacuoles and characteristic autophagosomes were found in the curcumin-treated group compared with the control group under TEM. We have reason to suspect that prolonged inhibition of autophagy stimulates apoptosis. Considering there is a complex interaction between curcumin-induced apoptosis and autophagy of A549 cells, which contributes to curcumin inhibiting cell survival, further validation at the protein and gene levels should be undertaken.

In conclusion, evidences have been gained that curcumin could significantly inhibit the proliferation of A549 cells in this study, while autophagy was gradually taking in charge as the concentration of curcumin increased. Due to the wide range of effects of natural compounds and the complexity of procedural death we can only draw conclusions that the promotion of tumor cell autophagy activity induced by curcumin even induced autophagic death is a potential tumor treatment within a limited range. The effects of curcumin may differ depending on cell types. There may be having another role in anticancer effects on other exposuring concentrations or treat-times of curcumin, wishing to be in-depth studied later. The study of non-apoptotic cell death mechanisms induced by curcumin would provide targets of plant-derived compounds for future cancer therapeutics and become the new direction of antitumor researches.
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![Morphology of lung adenocarcinoma A549 cells under inverted phase contrast microscopy. (A) Morphology of normal A549 cells at different magnification (magnification, ×40, ×100 and ×200). (B) Morphologically, curcumin (Cur; 40 µM) administration induced cell rounding and growth inhibition, which appeared to be time dependent. Control (Ctr) was administered DMSO alone (magnification, ×200).](ol-14-03-2775-g00){#f1-ol-0-0-6565}

![A549 cells were treated with curcumin at the indicated concentrations and time periods. Control is concentration 0 µM of curcumin. Cell proliferation was performed using MTT and measuring absorbance at 24, 48, 72 and 96 h. It was shown that curcumin was able to inhibit the growth of A549 cells in a concentration-and time-dependent manner. Data were represented as mean ± SEM, which are three separate experiments performed in triplicate. n=9 in each group. \*P\<0.05 and \*\*P\<0.01 for 0 µM vs. 5, 10, 20 or 40 µM; ^\#^P\<0.05 for 24 h vs. 48, 72 or 96 h. One-way ANOVA followed by Dunnett\'s multiple comparision t-test). 3-MA 3-methyladenine.](ol-14-03-2775-g01){#f2-ol-0-0-6565}

![Microscopic detection of AVOs in A549 cells by acridine orange (AO) staining. Control (Ctr) is concentration 0 µM of curcumin (Cur). AO can stain nuclear and cytoplasm with bright green and make acidic vesicular organelles (AVOs) with bright red. Images were taken with a fluorescence microscope (magnification, ×200). (A) A549 cells were treated with different concentrations of Cur for 48 h. The picture showed that Cur administration increased the amount of AVOs dyed to bright red. (C) A549 cells were pre-treated with 3-MA (2.5 mM) for 3 h, followed by treatment with or without Cur for an additional 48 h. It was shown that 3-methyladenine (3-MA) could suppress autophagy induced by Cur, according to the impaired red fluorescence. (B and D) The percentage of AVOs formation was counted at different treatment groups. (B) Showed that AVOs dyed to bright red were significantly increased in a dose-dependent manner of Cur treatment. Compared with the treatment of Cur alone, the ratio of AVOs in pretreatment of 3-MA group was significantly decreased in (D) indicating the inhibitory effect of 3-MA on Cur-induced autophagy. Three independent experimental images were selected for each treatment concentration and the incomplete cells were removed. Data were represented as mean ± SEM. P\<0.05 was considered to show statistial significance (\*\*P\<0.01).](ol-14-03-2775-g02){#f3-ol-0-0-6565}

![Microscopic detection of autophagic vesicles in A549 cells by MDC staining. The picture showed that curcumin (Cur) administration increased the fluorescence intensity and density which was in a dose-dependent manner of Cur treatment and 3-methyladenine (3-MA) could suppress autophagy induced by Cur, according to the weakened MDC-positive autophagic vacuoles. Images were taken with a fluorescence microscope (magnification, ×200). A549 cells were treated with different concentrations of Cur for 48 h or pre-treated with 3-MA (2.5 mM) for 3 h, followed by treatment with or without Cur for an additional 48 h. Ctr, control.](ol-14-03-2775-g03){#f4-ol-0-0-6565}

![The images of autophagosome were observed by transmission electron microscope in A549 cells. Cells were treated with or without curcumin (20 µM) for 48 h. Compared with the control group, a large number of autophagic vacuoles and characteristic autophagosomes (white arrows) were found in the curcumin-treated group. Scale bar, 1 to10 µm.](ol-14-03-2775-g04){#f5-ol-0-0-6565}

![Compared with control \[curcumin (Cur) 0 µM\] groups pretreatment with 3-methyladenine (3-MA) significantly attenuated the reduction in cell viability at different treatment concentrations of Cur for 48 h as MTT assay. Data were represented as mean ± SEM, which are three separate experiments performed in triplicate. n=9 in each group. \*\*P\<0.01. One-way ANOVA followed by LSD multiple comparision t-test.](ol-14-03-2775-g05){#f6-ol-0-0-6565}

###### 

The results of factorial analysis of curcumin-treated cell viability. Interaction and single-effect significance were found on treatment time and concentration of curcumin.

          Curcumin (µM)                                                                                                                                                                 
  ------- --------------- ----------- ----------- ----------- ----------- ------------------------------------------------------- ----------------------------------------------------- -----------------------------------------------------
  24      0.00±0.01       0.01±0.01   0.07±0.04   0.10±0.01   0.22±0.02   0.08±0.02                                               14.81                                                 \<0.01
  48      0.00±0.03       0.11±0.03   0.19±0.02   0.40±0.02   0.47±0.01   0.23±0.03                                               62.92                                                 \<0.01
  72      0.00±0.01       0.28±0.00   0.34±0.02   0.49±0.01   0.56±0.01   0.34±0.03                                               462.78                                                \<0.01
  96      0.00±0.06       0.40±0.01   0.43±0.01   0.66±0.01   0.69±0.01   0.44±0.04                                               109.26                                                \<0.01
  Total   0.00±0.02       0.20±0.03   0.26±0.03   0.41±0.04   0.49±0.03   0.27±0.02                                               236.47^[a](#tfn2-ol-0-0-6565){ref-type="table-fn"}^   \<0.01^[a](#tfn2-ol-0-0-6565){ref-type="table-fn"}^
  F       0.000             93.243    39.36       261.59      315.11      295.58^[a](#tfn2-ol-0-0-6565){ref-type="table-fn"}^     17.96^[b](#tfn2-ol-0-0-6565){ref-type="table-fn"}^    \<0.01^[b](#tfn2-ol-0-0-6565){ref-type="table-fn"}^
  P       1.000           \<0.01      \<0.01        \<0.01      \<0.01      \<0.01^[a](#tfn2-ol-0-0-6565){ref-type="table-fn"}^                                                         

Data were represented as mean ± SEM.

Indicate the F-statistic and P-value of the main effect and interaction effect, respectively.
